Rationale: Coronary artery ligation to induce myocardial infarction (MI) in mice is typically performed by an invasive and time-consuming approach that requires ventilation and chest opening (classic method), often resulting in extensive tissue damage and high mortality. We developed a novel and rapid surgical method to induce MI that does not require ventilation.
C ardiovascular disease represents the leading cause of morbidity and death in developed countries. Coronary heart disease, which is the single largest cause of cardiovascular disease, is the narrowing of arteries over time caused by atherosclerotic plaques or the acute occlusion of the coronary artery by thrombosis, both of which lead to possible myocardial infarction (MI) and the eventual development of heart failure. 1, 2 Protection from coronary heart disease-induced damage of the myocardium during myocardial ischemia/ reperfusion (I/R) injury has been a target of investigation for the development of innovative cardioprotective therapies. [3] [4] [5] [6] [7] The increase in the availability of various types of genetically manipulated mice has brought about the need for more efficient ways to induce myocardial damage for both molecular mechanistic studies and potentially therapeutic interventions. Two of the most common models used by researchers are permanent left main descending coronary artery (LCA) occlusion to induce a MI and also temporary coronary artery occlusion to induce I/R injury. 8, 9 The I/R model is generally used to examine the short-term consequences of ischemic injury, whereas the MI model is usually used to investigate myocardial changes such as remodeling that occur over an extended period of time. Although a variety of surgical manipulations have been used during the past decade to induce the ischemic event, ligation of the LCA is still the most commonly practiced method. 3,9 -11 However, most investigators still use a method requiring ventilation and wide opening the chest (referred to as the classic method), which can cause extensive tissue damage, high surgical-related death and can also be quite time consuming for most surgeons. [12] [13] [14] [15] Over the last few years, we have developed a new MI approach in mice that does not require ventilation. 11,16 -18 Complete characterization and description of this model has not been performed, including a direct comparison with the classic MI method to determine whether this novel method is indeed more efficient and safer for mice while not compromising the extent of cardiac injury. Thus, this study comprehensively and technically introduces this novel MI method in mice and compares this relatively less invasive surgical procedure to the classic MI and I/R injury. Parameters analyzed were surgical time, mouse postsurgical recovery time, tumor necrosis factor (TNF)␣ and myeloperoxidase (MPO) levels as markers of inflammatory damage from the procedures, arrhythmias, and perisurgical and overall survival. In addition, we assessed both methods for induction of left ventricular (LV) infarction and in vivo post-MI cardiac function.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org and includes information regarding telemetry ECG recording in conscious mice, in vivo echocardiographic and hemodynamic measurements, determination of LV infarct size in MI models, determination of LV area at risk (AAR) and infarct size in I/R models, measurement of plasma level of TNF␣ and tissue level of MPO, and statistical analysis.
Experimental Protocols
Experiments were carried out according to the NIH Guidelines on the Use of Laboratory Animals, and all procedures were approved by the Thomas Jefferson University Committee on Animal Care. A total of 497 (384 mice for MI and 113 for I/R) male 8-to 10-week-old C57/B6 mice were used for this study. For the MI model, mice were subjected to permanent coronary artery ligation using either the new (N) method or the classic (C) method. Mice were randomly assigned to 4 groups: new method of MI (MI-N) or sham (S-N) and classic method of MI (MI-C) or sham (S-C). There were 119 mice used for survival study. Some of the mice that survived at the end of 28 days were also used for echocardiographic, hemodynamic, and infarct size studies as indicated in each study. The rest of 232 mice that survived all kinds of 265 procedures (33 mice died) were used for 24-hour infarct size measurement (32 mice), Masson's trichrome stain (18 mice), arrhythmia analysis (28 mice), MPO (81), and TNF␣ (73) assays. In I/R model, mice were subjected to 30 minutes of myocardial ischemia, followed by 24 hours of reperfusion. Mice were also divided into 4 groups: new method of I/R (I/R-N, nϭ41) or sham (SI/R-N, nϭ16) and classic method of I/R or sham I/R (I/R-C [nϭ40], SI/R-C [nϭ16], respectively). All animals were monitored after the surgery and received 1 dose of buprenorphine (0.3 mg/kg) within 6 hours after surgery, and another dose was administered the following morning. No further analgesia was given thereafter.
New Method of Permanent Coronary Artery Occlusion Without Ventilation
In this new method of MI induction, mice were anesthetized with 2% isoflurane inhalation with an isoflurane delivery system (Viking Medical, Medford, NJ) but not ventilated. Of course, before perfecting this surgical model, we recommend using ventilation in mice until the surgeon can routinely perform the LCA ligation in Ͻ3 minutes. A small skin cut (1.2 cm) was made over the left chest, and a purse suture was made as shown in Figure 1A through 1C. After dissection and retraction of the pectoral major and minor muscle, the fourth intercostal space was exposed ( Figure 1D ). A small hole was made at the fourth intercostal space with a mosquito clamp to open the pleural membrane and pericardium ( Figure 1E ). With the clamp slightly open, the heart was smoothly and gently "popped out" through the hole, as shown in Figure 1F . The LCA was located, sutured, and ligated at a site Ϸ3 mm from its origin using a 6-0 silk suture ( Figure 1H and 1I). The ligation was deemed successful when the anterior wall of the LV turned pale ( Figure 1J ). After ligation, the heart was immediately placed back into the intrathoracic space followed by manual evacuation of air and closure of muscle and the skin, by means of the previously placed purse-string suture ( Figure  1K through 1L). The mouse was then allowed to breathe room air and monitored during the recovery period, which was generally complete within 3 to 5 minutes. No artificial respiratory aid was required during the recovery time. The sham group underwent the same surgical procedure except that the LCA was not occluded. A movie of this new method of MI can be found in the Online Data Supplement.
Classic Method of MI Induction
The more invasive classic method of MI in mice has been fully described by previous investigators. 3, 13, 19 We have only changed the method of anesthesia. See details in the Online Data Supplement.
New Method of Induction of Myocardial I/R Injury Without Ventilation
This I/R injury procedure in mice is essentially the same as the procedure for inducing MI except that a slipknot is tied around the LCA 2 to 3 mm from its origin with a 6-0 silk suture, as shown in Figure 2A . The heart is then quickly placed back into the thoracic space, followed by manual evacuation of air and the skin closing ( Figure 2B ). The internal needle end of slipknot suture is cut as short as possible, and the other end of the suture is Ϸ0.8 cm long and remains outside of the chest ( Figure 2C ). After 30 minutes of ischemia, the slipknot is released by pulling the long end of slipknot suture smoothly and gently until a feeling of release is sensed; at which time, the myocardium begins reperfusing. This outside-theskin suture knot-releasing method should only be attempted by the experienced surgeon. Alternatively, the mouse can be reanesthetized with 2% isoflurane inhalation, the chest reopened, and the slipknot released by pulling the long end of slipknot suture smoothly and gently, followed by manual evacuation of the pneumothorax and chest closure. As above for the MI model, ventilation is recommended until times are fast enough to perform this procedure without ventilation.
Classic Method of I/R Injury
The procedure for the classic method of I/R (I/R-C) is very similar to MI-C method except that a slipknot is made around the LCA. During the 30-minute ischemic period, the mouse was ventilated continuously and the incision was covered with a piece of salinesoaked gauze. After 30 minutes of ischemia, the slipknot was released followed by closing the chest in layers.
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Results
Novel Method of MI or I/R Is More Efficient Than Classic Method With Shortened Recovery Time and Less Inflammation
As show in Figure 3A , the surgical procedure time needed for MI in the classic method, even in the hands of an experienced surgeon, is almost 21 minutes for the sham procedure and 23 minutes for full ligation of the LCA. This includes the time needed for intubation (2.13Ϯ0.22 minutes, in MI-C) and extubation (1.25Ϯ0.2 minutes, MI-C). In contrast, the time that a skilled surgeon can complete the entire procedure of a full LCA ligation with our novel method is Ͻ1.25 minutes ( Figure 3A ). Therefore, compared with the classic approach that needs intubation, our new method of MI has an Ϸ20-fold improvement in efficiency ( Figure 3B ). This increased efficiency is even more pronounced in I/R injury model because the classic procedure includes 30 minutes of ischemia while ventilated. Our new method externalizing the suture can significantly decrease this surgical time to Ͻ2 minutes and represents a relatively less invasive method of I/R injury. To further evaluate the 2 methods of murine myocardial ischemic damage, we also recorded the postsurgery recovery time. In the new method, this is defined as the interval from surgical completion until the animal is fully conscious and walking freely in the cage. For the classic method, this is the interval from time of extubation until the animal is fully conscious and walking freely. The recovery time was 3.92Ϯ0.15 minutes for the new sham procedure and 5.52Ϯ0.28 minutes with a full MI using our new method ( Figure 3A ). This time is significantly shorter than the classic method, which was Ϸ19 minutes ( Figure 3A ). The postsurgery recovery period for the I/R procedure using our quick method showed similar efficiency because the time for recovery was 4.01Ϯ0.23 minutes in the SI/R-N group and 4.42Ϯ0.18 minutes in I/R-N group, which were significantly shorter than either sham (14.61Ϯ0.86 minutes) or I/R (15.07Ϯ0.55) using the classic surgical procedure.
To investigate the inflammatory damage/response of these 2 methods, the plasma level of TNF␣ was measured at 24 hours and 7 days after surgery. As shown in Figure 3C , MI in both methods significantly increased the plasma level of TNF␣ compared with their sham groups. Importantly, the sham procedure of the new method did not significantly raise circulating TNF␣ levels compared with a control mouse with no surgery (Co, 12.26Ϯ0.51 pg/mL versus 9.78Ϯ0.72 pg/ mL). Furthermore, this level is significantly lower than TNF␣ induced by simply intubating and performing the sham procedure classically (33.33Ϯ2.13 pg/mL). When MI was actually carried out, the new procedure resulted in significantly lower 24-hour postsurgical TNF␣ levels, which were actually equivalent (27.34Ϯ1.56 pg/mL) to the sham procedure of the classic method. The highest level of TNF␣ was seen in the MI-C group ( Figure 3C ). The increased TNF␣ seen in plasma normalized at 7 days after MI ( Figure 3D ). To further investigate the inflammatory state in these hearts, we measured cardiac tissue levels of MPO. Twenty-four hours after MI, cardiac levels of MPO in both groups were significantly increased compared with sham-treated mice ( Figure 3E ). To our surprise, the MPO level in MI-C group was significantly higher than that of MI-N at 7 days after MI ( Figure 3F ), indicating extended, more local inflammation in the classic method of MI. Finally, to evaluate any potential lung damage that could arise from moving the heart out of the chest cavity, we performed histological staining of lung tissue from the different groups and found no abnormalities in any group (Online Figure I) . Overall, the above data indicate that the new procedure is not only faster but causes less tissue damage and provides for faster recovery after surgery.
Novel Method of MI or I/R Reduces Mortality and Improves Survival
A total of 119 mice were used in the MI survival study. First, during the perisurgical period, which is the time from the beginning of the surgery to 6 hours after surgery, only 1 of 43 mice in the MI-N group died because of the bleeding (2.3%; Figure 4A ). In contrast, 7 of 44 perisurgical deaths were seen in the MI-C group (15.9%; Figure 4A ). Among those 7 mice, 1 died from an intubation accident, 1 died from bleeding, 1 died from pneumothorax, and 4 died of sudden cardiac arrest. All of the animals in the sham group survived regardless of the surgical method. After the perisurgical period, there were 13 and 16 deaths in the MI-N and MI-C groups, respectively. The reason for those deaths is summarized in Online Table I . The most common reason for post-MI death in both groups was ventricular rupture (46.2% in MI-N and 43.8% in MI-C) that occurred between days 4 and 8 after MI. Some of the mice died of unknown causes, although we assume that this was attributable to either cardiac arrhythmia or heart failure because autopsy of these mice showed no blood in the thoracic cavity. The overall survival rate (including surgical- related death) 28 days after surgery was 100% in S-N, 93.75% in S-C (1 dead of 16 resulting from an intubation accident), 47.72% in MI-C, and 67.5% in MI-N ( Figure 4B) . The overall survival rates were 70% in MI-N and 56.82% if perisurgical death was not included. These data confirm an improved outcome using this quicker method of MI. A total of 113 mice were used in the I/R survival study. As show in Figure 4C , there was no significant difference in survival rates between sham groups (SI/R-N, 100%; SI/R-C, 93.75%). However, as in the MI study, the survival rate was significantly higher in the I/R-N group (95.12%) compared with the I/R-C group (77.5%). In most cases, the periprocedural death that occurred in the I/R-C group was attributable to arrhythmia during the 30-minute ischemia time.
Novel Method of MI Has Less Cardiac Arrhythmia
With the classic method of MI, one of the most frequent causes of perisurgical death could be arrhythmia. To confirm this, we used the telemetry electrocardiographic technique to record ECG during and after MI surgery. After MI, there was a typical elevation of the S-T segment in both MI groups, as shown in Online Figure II . Although there was a diverse occurrence of the types of arrhythmias found (mostly in MI-C; Online Figure III) , the most commonly seen arrhythmias were AV block (AVB) and premature ventricular contraction (PVC), as shown in Figure 5A and 5B. The frequency of AVB was not different among all surgical groups during the first 30 minutes ( Figure 5C ) but was significantly increased during the remaining 7-day datacollection periods in MI-C compared with the MI-N and S-N but not the S-C groups ( Figure 5E ). Although the frequency of PVC was not different between MI-N and MI-C, which trended higher, but was significantly lower in S-N compared with S-C in the first 30 minutes ( Figure 5D ), indicating the intubation and classic thoracotomy provokes more arrhythmias. Similarly, the frequency of PVC in MI-N and S-N was significantly lower than that of MI-C in the 7 days of recording ( Figure 5F ).
MI-and I/R-Induced Injury and Subsequent Cardiac Dysfunction
Echocardiography was used as noninvasive method to measure cardiac function 4 weeks after permanent coronary artery occlusion. As shown in Figure 6A compared with sham hearts. Both MI groups had significantly increased LV diastolic and systolic inner chamber dimensions and accordingly decreased LV ejection fraction and fractional shortening, as shown in Figure 6B through 6E. Consistent with the echocardiographic observations, hemodynamic measurements at 4 weeks after MI demonstrated that both MI groups had significantly decreased contractility (measured as ϩdP/dt), relaxation (measured as ϪdP/dt) and LV end-diastolic pressure at baseline and on ␤-adrenergic stimulation, when compared with sham groups (PϽ0.05; Figure 7B through 7D). There were no differences between the S-N and S-C nor between the MI-N and MI-C groups. Furthermore, heart rates were similar among all of the groups (Figure 7E) . These data importantly demonstrate that the new method of MI induces the same degree of cardiac dysfunction as the classic method. We also measured cardiac function via echocardiography and LV catheterization in the post-I/R (24 hours) injured animals and also found that regardless of the method used, cardiac function was lower in the I/R groups (Online Table II ).
To further evaluate the reliability of the new method of MI and I/R, we measured LV infarct size, which we found to be statistically unchanged based on method. The LV infarct size at 24 hours after a full MI was 42.02Ϯ2.2% and 43.36Ϯ1.5% in MI-N and MI-C groups, respectively ( Figure 8A and 8B) . The infarct sizes at 28 days after MI was 40.95Ϯ1.31% and 40.63Ϯ1.08% in MI-N and MI-C groups, respectively (Figure 8C and 8D) . Trichrome staining showed the comparable scar formation and heart remodeling (Online Figure IV) . We also calculated the LV infarct size after I/R injury (24 hours). The size of infarction was virtually identical regardless of procedure ( Figure 8E and 8F) . Importantly, the AAR, which is the potential ischemic area in the LV, was unchanged between the 2 methods ( Figure 8G ).
Discussion
We have developed a novel and efficient surgical procedure for inducing ischemic damage in mouse myocardium that eliminates the need for intubation. This procedure can be accomplished in significantly less time than the classic approach of mouse MI. Of note, this quicker procedure results in less tissue damage and inflammation, with lower occurrence of cardiac arrhythmias and much faster postsurgery recovery. Perhaps most importantly, this novel procedure fully recapitulates the degree of myocardial injury and subsequent post-MI cardiac dysfunction than the classic method.
Although we have published previous studies using this novel method, we have not comprehensively detailed this procedure nor have we directly compared this method with the classic surgical MI procedure to prove that this quicker method is indeed an improvement on the method that could be used more routinely for all investigators in this field. We have used this new method to investigate the mechanism of MI and I/R injury by using both pharmacological tools 17,18,20 -25 and genetic manipulation. 5,11,26 -33 We have also used this quicker method involving a "heart pop-out" procedure in stem cell 4, 34 and gene therapy studies (unpublished data), in which we injected stem cells or adenovirus directly into the border zone of the ischemic heart while the heart was exposed. Our experience with this new and rapid method proves that it is extremely reproducible. We believe that this method is an advancement in studies of murine ischemic injury. Compared with the classic method of MI, one of the advantages of this model is less tissue damage, as indicated by the lower level of acute phase of circulating TNF␣, a proinflammatory factor, after the surgery. The fact that we found no differences between TNF␣ levels in the S-N and no-surgery control group, coupled with the fact that TNF␣ levels were 3 times higher in S-C compared with S-N, indicates a minimal degree of tissue damage using the new MI procedure. These reduced acute phases of plasma TNF␣ levels in groups of S-N or MI-N are probably attributable to the shortened procedure time and the less invasive surgical procedure, which should further benefit postsurgical recovery and prognosis because there was no difference in plasma level of TNF␣ among groups chronically. More interestingly, the MPO level in MI-N group was significantly lower than that of MI-C at 7 days after MI, indicating extended, more local inflammation in the classic method of MI.
Efficiency is another advantage of this new model of MI over the classic ventilated approach. The time saving is attributable to the simplified surgical procedure and elimination of ventilation. In our surgery core, we typically perform this procedure in Ͻ2 minutes. This quicker time is what is possible in the hands of an experienced and skilled mouse surgeon, but we believe that even without the number of cases performed in our hands (Ͼ20 000), this procedure can still be performed more quickly by anyone trained in the classic method. However, we also agree that a skilled surgeon could carry out the classic method of MI more quickly by placing fewer sutures. We would caution starting with this method without ventilation, however, because practice is needed to perfect the "popping-out" technique to quickly ligate the LCA. Once the procedure can be performed in Ͻ3 minutes after ventilation is started, it would probably be safe to start using our full surgical method to gain full advantage. Because we found that this procedure creates identical LV infarcts and cardiac dysfunction compared with the classic method, we recommend this procedure to limit damage and improve survival for MI and I/R studies.
Limitation and Methodological Consideration
The procedure of murine model of MI or I/R injury without ventilation is technically demanding and challenging. Critical to the success of the new model is keeping the time that the heart is outside of the body to a minimum. Based on our experience, the time allowed for heart externalization should be no more than 30 seconds to limit global hypoxia. This will give the best prognostic result.
Bleeding could be one of the factors contributing to the increased mortality of the "heart exteriorization" MI and I/R mouse models, especially when the researcher is first learning the procedure.
Pneumothorax is another contributor to early postsurgical death and occurs when the operator forgets either to displace air before closing the suture or forgets to keep the hole open when manually evacuating air of the thoracic cavity. One of the advantages of this new procedure is that the pectoral muscles remain intact. This is very important because intact pectoral muscles are necessary to cover the opening (the minithoracotomy) once the heart has been returned to the thoracic space and eliminates the suturing of the muscle, which is one of the limitations of classic thoracotomy. In fact, it is possible to keep pectoral muscles intact while performing a classic MI using the technique we described here, and in doing so, the likelihood of pneumothorax is decreased, and the inflammatory response and the time needed to complete the procedure could be further reduced.
